Abstract: Assisted annihilation is a novel mechanism to generate viable sub-GeV thermal dark matter, where a pair of stable dark matter annihilates with an assister to Standard Model states. Typically such 3 → 2 annihilation topologies are flux suppressed compared to 2 → 2 processes. In this paper, we explore the possibility of a resonant 3 → 2 assisted annihilation dominantly driving the freeze-out of dark matter. We demonstrate that in a simple multipartite scalar extension of the Standard Model this can be realized in certain regions of parameter space to provide viable dark matter relic density, in agreement with observation. We demonstrate that for photophilic assisters parts of parameter space are already constrained by indirect detection experiments while substantial regions remain beyond the present limit.
Introduction
Sub-GeV dark matter (DM) scenarios have received recent attention from various quarters spurred by cosmological observation at the galactic scale in the context of structure formation [1] [2] [3] . Independently a lot of effort have been made to update the direct detection experiments to target sub-GeV weakly interacting DM [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . These have led to a renewed interest in motivated model building for sub-GeV DM beyond the standard model [15] . The direct detection experiments constraint scenarios with the usual 2 → 2 annihilation topology that provides a direct correlation between the DM annihilation rates and direct detection cross sections. Generalization to more complicated topologies like 3 → 2, will keep these models insulated from the present and proposed direct detection experiments while a flux suppression in the DM annihilation process lead to lighter DM, landing in the cosmologically interesting sub-GeV mass range . An effort in this direction is the so called assisted annihilation that was introduced in [20] . Minimal version of this class of models has a sub-GeV stable thermal DM state along with assisters that can promptly decay to SM. By construction, the annihilation to SM states in the early universe is dominated by a N → 2 topology where a pair of DM particles annihilate with one or more assisters in the initial state. This leads naturally to a thermal sub-GeV scale cold DM. Interestingly since the assisters are not charged under the same stabilizing symmetry as the DM it can in principle be lighter leading to a Boltzmann boost to the annihilation process [38] . There are non-trivial effect of these new light states on the cosmology of the early Universe. Some of the relevant constraints on this framework from Big Bang Nucleosynthesis (BBN) and Cosmic Microwave Background (CMB) have been explored in [38] .
From the point of view of model building the challenge is to have the flux suppressed 3 → 2 channel dominate over possible 2 → 2 processes. A possibility of eliminating the 2 → 2 channel by a combination of kinematic phase space and Boltzmann suppression was presented in [38] . This required augmentation of the minimal setup to include a heavy mediator in addition to the DM and assister states. The object was to suppress the associated 2 → 2 process without tuning couplings. Keeping within this setup, in this paper we take the complimentary view of boosting the assisted annihilation process by tuning it near a resonance peak. For universal couplings the resonant s-channel mediated 3 → 2 can easily dominate over 2 → 2 processes. We find that for such scenarios it is easy to have an assisted annihilation dominated freeze-out of DM that saturates the observed relic abundance limits with perturbative couplings.
In this paper, we present a simple scalar model of assisted annihilation containing a scalar Z 2 odd DM, a photophilic scalar assister and a scalar mediator. We explore the region of parameter space where the assisted annihilation is near resonance. We demonstrate that within this framework it is easy to match the observed relic density of DM with perturbative couplings. We briefly comment on the possibility of probing a part of the relic density allowed parameter space of this framework using indirect detection and beam dump experiments.
The paper is organized as follows. In section 2 we present the details of the minimal scalar model for resonant assisted annihilation. We make a systematic study of the relic density of DM within this framework in section 3. We discuss the possibility of exploring this framework in indirect detection and beam dump experiments in section 4 before concluding.
Minimal Model for Resonant Assisted Annihilation
The minimal real scalar model for resonant assisted annihilation contains three real scalar fields viz. a stable DM (φ), an assister (A) and heavy mediator (S) which are all singlet under the SM gauge symmetries. The stability of the DM is ensured by assigning an odd charge to it under a discrete Z 2 symmetry, while both the assisters and mediator can promptly decay to SM states which are all even under the same Z 2 . The assister and the mediator also double up as a portal to the visible sector keeping DM in thermal equilibrium before freeze-out. The most general scalar potential for the dark sector and a photophilic portal coupling to the visible sector consistent with aforementioned charge assignments can be written as
where F µν is the standard electromagnetic field strength tensor and c a γ , c s γ have mass dimension of minus one. The non-renormalizable portal coupling of the dark sector to the SM represents a special choice which enables us to extract the most interesting phenomenological implications of the framework. Generalizations are straightforward and do not affect the resonant assisted annihilation driven freeze-out of DM discussed in the next section. To keep the discussion tractable we will further assume all the λ i , µ i and c i γ of equation (2.1) to be universal and equal to λ, µ and c γ respectively. We call this the Benchmark Model. As can be easily read out from the interactions given in equation ( the annihilation channel for the DM proceed through the novel 3 → 2 topology given by φφA → S → AA/γγ. Ordinarily this will be overwhelmed by a host of 2 → 2 processes like φφ → SS/AA/AS etc. However in certain regions of the parameter space where the masses are tuned to put the assisted annihilation process on s-channel resonance this will dominantly drive the freeze-out of DM. In the next section, we will explore this possibility of resonant assisted annihilation setting the DM relic density. Subsequently, we will explore the phenomenological consequences of this framework.
Relic Density
In this section we will focus on the region of parameter space where the resonant assisted annihilation processes (shown in figure 1c and 1d) set the required relic density of DM [39] . Admittedly, this requires a tuning of masses of the dark sector states of the form, (2m φ + m A ) ∼ m S . The relevant Boltzmann equation is given by,
T 2 /M Pl , g s and g ρ are the effective number of relativistic degrees of freedom corresponding to entropy and energy density respectively. For the temperature dependence of g ρ , g s and g * we have followed [40] . The thermally averaged cross section σv 2 3→2 includes all 3 → 2 processes while σv 2→2 quantify the sub-dominant 2 → 2 annihilation cross sections 1 . Note that, for > 1 there will be a Boltzmann suppression of the initial 1 In principle to obtain the correct relic density full set of coupled Boltzmann equations involving the DM, assisters and mediator should be considered. However, at resonance, equation (3.1) reproduces the results adequately. state assister flux while for < 1 there is an enhancement of the effective cross section for similar reasons. This is a novel feature of the assisted annihilation framework that should be contrasted with the usual co-annihilation scenario, where by construction a Boltzmann suppression is obtained depending on the mass-splitting of the co-annihilating states [38] . The relevant Feynman diagrams of 2 → 2 processes are shown in figure 1a and 1b while the Feynman diagrams of 3 → 2 assisted annihilation processes are shown in figure 1c and 1d. Note that the cross section of both 3 → 2 and 2 → 2 processes depend on λ, µ and c γ . In spite of the strong constraint on c γ from fixed target experiments [41] with λ and µ/m φ ∼ O(1) the 2 → 2 processes in general will dominate. However, in the region of parameter space where the masses are tuned so that (2m φ + m A ) ∼ m S , the 3 → 2 assisted annihilation, now set at resonance, can dominantly drive freeze-out to saturate the required relic density bound. To illustrate the effect of resonance on relic density we define following parameter
In the non-relativistic limit, the relevant thermally averaged 3 → 2 cross section is inversely proportional to δ 4 m 4 φ + Γ 2 S m 2 S , where Γ S is the decay width of S, which sets the peak value of the cross section at resonance. In figure 2 relic density is plotted as a function of (100δ) The black solid band shows allowed range of DM relic density (Ωh 2 = 0.12 ± 0.0001) [39] . Clearly, a resonant 3 → 2 assisted annihilation can effectively drive freeze-out to obtain the required relic density.
As is evident from the definition in equation (3.2), δ determines how close a parameter point is to resonance and therefore is a measure of tuning in the theory. As δ decreases the 3 → 2 assisted annihilation contribution to the relic density starts dominating and the contribution of the 2 → 2 increasingly become numerically insignificant. This can be seen from figure 3a, which suggests that the φφA → S → AA and φφA → S → γγ channels become predominant below δ 10 −4 . In figure 3b , DM relic density allowed contours for DM masses m φ = 50, 200, 500 and 1000 MeV has been displayed in − δ plane. For < 1 the effect of Boltzmann boost [38] helps to achieve the required relic abundance with relatively larger value of δ while for > 1 due to the Boltzmann suppression resonance effect has to be more pronounced to satisfy the relic density constraint.
Phenomenology
Being immune to direct detection experiments the 3 → 2 assisted annihilation framework is amenable to probing through indirect effects. First, we examine the cosmological implications of the light states, especially the late decay of the photophilic MeV scale assisters. Beam dump experiments can put complementary constraints on the photophilic assisters. Finally, the γ-ray flux arising from associated DM annihilation at present day universe may be of interest in the context of indirect detection experiments. We now elaborate on these phenomenological consequences of the resonant assisted annihilation framework in the context of the model presented in section 2.
Cosmological Constraint
Any coupling between the MeV scale assister/mediator (A/S) to the photon will have several cosmological implications. A detailed discussion on this can be found in [38] . The late time decay of the A/S to photons may lead to photo-dissociation of the BBN products [42] [43] [44] [45] [46] [47] [48] . This essentially puts an upper bound on the lifetime of the decaying species. Here we use a conservative limit on the lifetime of both the assister and the mediator, to be less than 1 s, and fix c γ to 10 −11 MeV −1 which is also consistent with beam dump experiments discussed next. Additionally, light degrees of freedom can increase Hubble expansion rate which may alter BBN yields, constraining the masses to be greater than 1 MeV [49] . Other than these, the direct annihilation to photons after neutrino decoupling may change photon to neutrino temperature ratio [50] [51] [52] [53] [54] . However, in the resonant assisted annihilation framework the direct annihilation to photons stalls well before neutrino decoupling in the parameter space of interest owing primarily due to the smallness of c γ .
Fixed Target Searches
An alternate strategy to search for photophilic A/S is through fixed target experiments. There are several experiments like PrimEx [41] , GlueX [41] , E137 [55] , Belle-II [56] , SHiP [57] , FASER2 [58] , SeaQuest [59] , and NA 62 [60] which may probe the effective photon coupling c γ of A/S. A conservative limit of c γ ≤ 10 −11 MeV −1 is found to be in consonance with the exclusion bounds in the mass range of interest [38] .
Indirect Detection
In our region of interest the dominant contribution to the relic density is driven by the schannel resonant assisted annihilation processes, shown in figure 1c and 1d. However, this 3 → 2 annihilation processes is inoperative once the assister number density plummets due to decay. Interestingly, the 2 → 2 sub-dominant processes given in figure 1a and 1b survives and provides a handle to explore these framework through indirect detection. In the most generic form of the Lagrangian in equation (2.1) it is possible to tune the couplings to drive resonant assisted annihilation while keeping all the relevant cross sections negligible. However, in the benchmark model due to universal coupling choices a sizable assisted annihilation would lead to a correlated cross section of indirect detection. It is in this context we explore the possibility to probe the parameter space of the benchmark model through indirect detection.
For the presented model, photophilic assister may produce potential γ-ray flux. The differential photon flux from the annihilation of a self-conjugate DM is given by [61] 
where σv i is the thermally averaged annihilation cross section, dN i γ /dE γ is the corresponding spectrum of γ-rays, r 8.5 kpc is the Sun's distance from the Galactic center, ρ 0.3 GeV/cm 3 is the local DM density, and J is the standard J-factor which integrates intermediate DM density along the line of sight over the solid angel ∆Ω. We have • used NFW profile [62, 63] to calculate J factor for the considered indirect detection experiments [64] . The dominant contribution on the γ-ray flux comes from two different kinds of processes 1. Two body annihilation to assisters as shown in figure 1a . In the center-of-mass frame of the DM, the subsequent decay of the assisters to photons will develop a box-shaped spectra for the former. The spectra of the photon can be written as [65, 66] 
where
are the edges of the box and ∆E is the difference between them and Θ is the step function. This channel will be operative only for < 1.
2. Direct two body annihilation to photons as depicted in figure 1b, which will be functional both for < 1 and > 1. In the center-of-mass frame of the DM, this would give rise to following line spectra of the photons experimental results. There have been several gamma-ray satellites which search for such flux from DM annihilation. Since we are exploring phenomenology of DM mass in sub-GeV range, therefore we have used outcome of low energy gamma-ray detector like HEAO-1 [68] , INTEGRAL [69] , COMPTEL [70, 71] , EGRET [72] and Fermi [73] to obtain the constraint on the relevant parameters of the model presented in section 2. We have used central values of the observations of the experiments and interpolated that to obtain a continuous flux in their respective energy window.
In figures 4a and 4b we have shown smeared differential gamma-ray flux (Φ γ (E γ )) as a function of gamma-ray energy for < 1 and > 1 respectively. For < 1 both φφ → 4γ through A and φφ → γγ is operative. However, from BBN and fixed target constraints on c γ and for µ/m φ = 10 −5 contribution of former to the total flux is numerically insignificant, this leads to box type spectrum as shown in figure 4a. Apart from this, with the choice λ = µ/m φ = 10 −5 , DM annihilation to assisters through point interaction would dominate the same annihilation through A/S mediation. For > 1 only channel to probe DM signals through indirect detection is φφ → γγ. However, in the region of parameter space where resonance assisted annihilation is the dominant channel to drive the freezeout, smallness of µ and c γ makes the differential gamma-ray flux beyond the reach of the current experimental sensitivity. This has been shown in figure 4b for DM masses 10 and 500 MeV. Since the thermally averaged cross section σv i of a particular channel is inversely proportional to m 2 φ , therefore for a fixed choice of other couplings and masses the maximum value of flux increases with decrease in DM mass. The upper limit on λ for the benchmark model from HEAO-1, INTEGRAL, COMPTEL, EGRET and Fermi against the DM mass is shown in figure 5 . For completeness, three benchmark points which satisfy the relic density constraint are shown by star, diamond, and cross. The details of the benchmark points are given in table 1.
Conclusions
In this paper, we present an alternate possibility to drive thermal freeze-out, through a multi-body 3 → 2 resonant assisted annihilation. Here along with a pair of DM, there is an SM-like assister in the initial state. The key challenge here is to overcome the contribution of related 2 → 2 channels in comparison to these flux suppressed multi-body 3 → 2 assisted annihilation processes. In this paper, we have presented a simple model having three real scalars, a stable DM (φ), an assister (A) and a heavy mediator (S) where the latter two also double up as a portal to the visible sector. We find that in the region of parameter space where masses are tuned to (2m φ + m A ) ∼ m S an s−channel 3 → 2 assisted annihilation channel can have resonance and dominantly drive freeze-out to produce the observed relic density of DM. We show that in this tuned region the relic abundance is in the right ballpark for a DM mass between few MeV to a few GeV with perturbative couplings.
The resonant assisted annihilation channels are difficult to probe in direct detection experiments owing to its novel topology. In this article, we have shown that even in the distinctive resonance region, the correlated 2 → 2 annihilation channels can produce appreciable indirect detection signatures. Annihilation of the DM to assisters and subsequent decay of the photophilic assister can be constrained by experiments like HEAO-1, INTE-GRAL, EGRET, COMPTEL, Fermi in certain regions of the parameter space.
